ABSTRACT. Very young children with organic brain damage, intractable seizures, and developmental retardation are at particular risk of developing fatal hepatic dysfunction coincident with valproate therapy, especially if the children are also receiving other anticonvulsant drugs. The mechanism of valproate-associated hepatic failure in these children is unclear. There are two major theories of etiology. The first concerns the manyfold consequences of depletion of CoA due to sequestration into poorly metabolized valproyl CoA and valproyl CoA metabolites. The other theory proposes that the unsaturated valproate derivative 2-n-propyl-4-pentenoic acid and/or metabolically activated intermediates are toxic and directly cause irreversible inhibition of enzymes of B-oxidation. The present study shows for the first time that in developing mice, when pantothenic acid and carnitine are administered with valproate, at least some of the effects of valproate are mitigated. Perhaps most importantly, the /3-hydroxybutyrate concentration in plasma and the free CoA and acetyl CoA levels in liver do not fall so low. Cotreatment with carnitine alone was without effect. Findings support the CoA depletion mechanism of valproate inhibition of Boxidation and other CoA-and acetyl CoA-requiring enzymic reactions and stress the role of carnitine in the regulation of CoA synthesis at the site of action of pantothenate kinase. (Pediatr Res 31: 419-423, 1992) The new anticonvulsant drug, valproic acid (2-n-propylpentanoic acid, 2-n-propylvaleric acid), is particularly effective in the treatment of the types of seizures peculiar to infants and young children: infantile myoclonic spasms, febrile seizures, and petit ma1 (absence) (reviewed in Ref. 1). Yet this is the age group that is most susceptible to the hepatotoxic effects of the drug, particularly if the children have organic brain damage and are also receiving other anticonvulsant drugs (2). In a study of possible mechanisms of this complication, we found that valproate reduced the physiologic ketonemia of suckling mice (3, 4) and fasting epileptic children (5). In the livers of normal developing mice, valproate produced extraordinary decreases in the levels of free CoA, acetyl CoA, and free carnitine (4). Concomitantly, the concentration of medium-chain acyl CoA esters [including valproyl CoA and its metabolites (6)] increased some 6-to 7-fold (4). As in our normal developing mice, valproate also reduced plasma P-hydroxybutyrate levels and liver CoA and acetyl CoA levels in fasted adult rats (7, 8). In isolated adult rat hepatocytes, valproate inhibited oxidation of fatty acids and pyruvate, fatty acid synthesis, gluconeogenesis, ketogenesis, and ureagenesis (6, 7,9-11). In view of the 100 or so synthetic and catabolic enzyme reactions requiring CoA or acetyl CoA as substrates, cofactors, or activators, the above diverse ill effects of valproate on liver metabolism can largely be explained by sequestration of free CoA into nonmetabolized or poorly metabolized valproyl CoA and valproyl CoA ester metabolites. If this were the case, we reasoned that increasing liver CoA levels should lessen the valproate-induced metabolic aberrations. The hypothesis was tested by coadministration of pantothenate, carnitine, and cysteine with valproate in normal suckling mice. Pantothenic acid, cysteine, and ATP are precursors of CoA, and carnitine is known to overcome the strong inhibition of pantothenate kinase (first enzyme in this synthetic pathway) by CoA and all of its esters (see Ref. 12 for a review). No attempt was made to increase hepatic ATP levels, inasmuch as there is no reduction in liver ATP during valproate administration (3).
concentration of medium-chain acyl CoA esters [including valproyl CoA and its metabolites (6) ] increased some 6-to 7-fold (4) .
As in our normal developing mice, valproate also reduced plasma P-hydroxybutyrate levels and liver CoA and acetyl CoA levels in fasted adult rats (7, 8) . In isolated adult rat hepatocytes, valproate inhibited oxidation of fatty acids and pyruvate, fatty acid synthesis, gluconeogenesis, ketogenesis, and ureagenesis (6, 7, (9) (10) (11) . In view of the 100 or so synthetic and catabolic enzyme reactions requiring CoA or acetyl CoA as substrates, cofactors, or activators, the above diverse ill effects of valproate on liver metabolism can largely be explained by sequestration of free CoA into nonmetabolized or poorly metabolized valproyl CoA and valproyl CoA ester metabolites. If this were the case, we reasoned that increasing liver CoA levels should lessen the valproate-induced metabolic aberrations. The hypothesis was tested by coadministration of pantothenate, carnitine, and cysteine with valproate in normal suckling mice. Pantothenic acid, cysteine, and ATP are precursors of CoA, and carnitine is known to overcome the strong inhibition of pantothenate kinase (first enzyme in this synthetic pathway) by CoA and all of its esters (see Ref. 12 for a review). No attempt was made to increase hepatic ATP levels, inasmuch as there is no reduction in liver ATP during valproate administration (3) .
MATERIALS AND METHODS
Pantothenate (D-pantothenic acid, hemi-calcium salt), L-carnitine hydrochloride, and L-cysteine hydrochloride were purchased from Sigma Chemical Co., St. Louis, MO; solutions of the latter two compounds were neutralized to pH 7.0 with NaOH just before use. Sodium valproate was a gift of Abbott Laboratories, Chicago, IL.
Preparation of Animals. All animal experiments were performed with the highest standards of humane care. Six litters of suckling 4-to 8-d-old Swiss-Webster mice were used; the total number of animals was 46. The mean weight (k SEM) of 28 of these mice was 3.95 + 0.29 g. Weight-matched littermates were injected S.C. with 20 mL/kg of 0.9% NaCl or 15 mg/kg (0.09 mmol/kg) sodium valproate in an equivalent volume of 0.9% . NaC1. Other littermates received valproate, pantothenate (2 mmol/kg), and L-cysteine (1 mmol/kg); valproate plus L-carnitine (2.5 mmol/kg); or valproate plus pantothenate, L-carnitine, and L-cysteine. Animals were killed by decapitation after 90 min; blood was collected from the severed neck vessels and the body was plunged into liquid nitrogen with rapid stirring to effect quick freezing.
Preparation of Plasma and Liver. Blood was promptly centri-fuged at 4°C. Plasma was deproteinized with 10 to 20 volumes of 0.5 M perchloric acid. It was not necessary to neutralize the acid extracts for assay of plasma metabolites. Aliquots of the acid extract required for fluorometric measurements of P-hydroxybutyrate did not change the pH of the reagent buffer or affect complete recovery of the standard. Liver was dissected free of membranes and visible blood vessels with sharp chisels in a cryostat at -35°C. Perchlorate extracts were prepared in a cold room at -20°C (1 3). Extracts were stored at -80°C until time of assay.
Analytical Methods. P-Hydroxybutyrate. . Short-and medium-chain acyl carnitine esters were hydrolyzed by heating a portion of the neutralized perchloric acid extract for 1 h at 37°C in the presence of 150 mM HEPES; the pH of the solution was adjusted to approximately 13 with 10 N NaOH (1 8, 19) . After neutralization with 5 N HCI, the total acid-soluble carnitine content was measured as described above. The concentration of short-and medium-chain acyl carnitine esters was calculated by subtracting the concentration of free carnitine. The levels of long-chain acyl carnitine esters were similarly determined using the perchloric acid-insoluble precipitate.
Statistical Analysis. When only two treatment groups were compared, the statistical significance of the difference between the means of control and experimental values was determined by t test. When there were three or more experimental groups, statistical significance among the groups was determined by a one-way analysis of variance, followed by Tukey's honestly significant difference test (20) to identify differences between specific pairs of means.
RESULTS

Pantothenate, carnitine, and cysteine treatment of normal mice.
Within 90 min of injection of a single dose of pantothenic acid, carnitine, and cysteine in normal suckling mice, liver free CoA and acetyl CoA levels increased 18 and 5 1 %, respectively (Table  I ). The 35% decrease in the content of long-chain acyl CoA esters was equal to the increase of medium-chain acyl CoA esters, although neither change was statistically significant. The total CoA content increased 20%. In these normal mice, the observed changes in liver did not affect the plasma 0-hydroxybutyrate concentration.
In this protocol and those that follow, similar results were later seen by the administration of pantothenate and carnitine without the addition of cysteine. Apparently the endogenous level of cysteine (like ATP) in liver was sufficient for CoA synthesis in the presence of pantothenate and carnitine.
Valproate-treated mice. As we have originally observed in developing mice (3, 4) , valproate treatment reduced plasma Phydroxybutyrate levels 73% (Table 2 ). It should be recalled that ketonemia is physiologic in suckling rodents.
In the livers of these animals, free CoA levels fell 56% and acetyl CoA levels were reduced to one third of the control value (Table 2) . Valproate administration increased the content of In valproate-injected mice, free carnitine levels fell 63% and there was a reciprocal 75% increase in long-chain acyl carnitine esters (Table 3) .
Effect of pantothenate, carnitine, and cysteine on ketogenesis and liver CoA metabolism in valproate-treated mice.
Injection of carnitine with valproate had no effect on the valproate-induced metabolic aberrations in plasma or liver (Table 2) .
By contrast, in the presence of pantothenic acid, carnitine, and cysteine, the effect of valproate on the level of P-hydroxybutyrate in plasma was reduced almost 50%. Similarly, in liver, the reductions in free CoA and acetyl CoA produced by valproate were substantially smaller. Cotreatment of pantothenatelcarnitinelcysteine with valproate elevated the concentration of medium-chain acyl CoA esters another 42%. One cannot exclude further activation of valproate to valproyl CoA.
Effect ofpantothenate, carnitine, and cysteine on liver carnitine metabolism in valproate-treated mice. Although the doses of pantothenate and carnitine used were equal in control (Table 1) and valproate-treated mice (Table 3) , the total hepatic carnitine concentration in control mice was 1 mmol/kg higher than in the valproate-treated animals. In both groups of mice, about 50% of the additional carnitine appeared in the hepatic medium-chain acyl carnitine fraction. In valproate-treated mice, the increase of medium-chain acyl carnitine esters does not appear to be due to conversion of the medium-chain acyl CoA esters [mostly valproyl CoA (6) ] to valproyl carnitine. If this were the case, one would expect the content of the medium-chain acyl CoA esters to fall; in fact, this ester fraction increased significantly. In control mice (Table l) , the rest of the added carnitine appeared mostly as free carnitine, although long-chain acyl carnitine increased nearly 4-fold. In valproate-treated mice, the rest of the added carnitine appeared primarily in long-chain acyl carnitine esters (Table 3 )-a 3-fold increase over the value obtained in the absence of valproate ( Table 1) . The finding suggests a pantothenatelcarnitinelcysteine-induced increase in the flux of long-chain fatty acids to the liver in the latter animals. In neonatal humans, carnitine administration releases FFA and glycerol from adipose tissue (21) (22) (23) . The effect of carnitine to stimulate lipolysis in adipose tissue of human newborns was not seen in adults (21) . Whether carnitine plays a similar role in developing mice cannot be said. The near 3-fold elevation of the hepatic acyl carnitinel free carnitine concentration ratio in valproate-treated mice was not reduced by comedication with carnitine alone (Table 3 ). The acyl carnitinelfree carnitine ratio in liver after cotreatment of animals with valproate, pantothenate, and carnitine was still significantly higher than in control animals ( Table 3) .
Effect of pantothenate alone or pantothenate and carnitine on ketogenesis and liver CoA metabolism in valproate-treated mice. Table 4 compares the effects of cotreatment of valproate-injected mice with pantothenate or pantothenate plus carnitine. By itself, pantothenate did not elevate the low level of P-hydroxybutyrate in the plasma; addition of carnitine with pantothenate increased the ketone body level 7 1 %. In liver, pantothenate increased the free CoA content of valproate-treated mice 46%; addition of carnitine produced another 19% rise. The near doubling of liver acetyl CoA levels induced by pantothenate alone was not statistically significant. The additional 44% increase in the acetyl CoA content induced by the addition of carnitine to pantothenate was significantly higher than that in the valproate-treated mice. The hepatic medium-chain acyl CoA fraction was increased 3 1 % by pantothenate; the addition of carnitine did not reduce this fraction.
DISCUSSION
Carnitine has been recommended as a supplement to all children under 2 y of age who are treated with valproic acid (24) . It is postulated that potentially toxic valproyl CoA metabolites would be converted to valproyl carnitine esters via the activity of liver carnitine acyl transferases. The carnitine conjugate of valproic acid can be translocated across the mitochondria1 mem- brane for excretion in urine. In consequence, free CoA would become available for 0-oxidation and other essential CoA-requiring enzymic reactions. However, valproyl CoA did not readily react with acyl carnitine transferase in rat liver mitochondria (6) . Carnitine esters of valproic acid may not be readily formed by human liver either. In one study of children receiving valproate and carnitine, valproyl carnitine accounted for less than 10% of the acyl carnitine in urine; the predominant acyl carnitine ester was acetyl carnitine (25) . In another human study, valproyl carnitine excretion increased only from 0.4 to 1 % after carnitine supplementation (26) . From the presently available data, a role for carnitine deficiency in valproate-associated hepatotoxicity and possible beneficial effects of carnitine supplementation is not clear. There are reports of decreased levels of free carnitine in the plasma of epileptic children receiving valproate (27) (28) (29) (30) . Ohtani et al. (27) found that cotreatment of these children with carnitine returned the valproate-induced decrease of the plasma carnitine level and the elevation of the ammonia concentration to normal. In valproate-treated mice, high levels of serum ammonia were seen in the face of normal free and esterified serum carnitine levels (3 1). Serum carnitine levels were normal in a child who developed hepatic dysfunction while receiving valproate, and carnitine treatment did not prevent liver failure (30) .
Levels of ketone bodies in plasma are valid, albeit indirect, indicators of normal @-oxidation. Experimentally, valproate consistently inhibited @-oxidation and hepatic ketogenesis in vivo (7, 8) and in vitro (6, 11) . In fasted adult rats, the valproate-induced hypoketonemia was not associated with a decreased liver carnitine content or an abnormal hepatic acyl carnitinelfree carnitine concentration ratio (32) . In other fasted adult rats receiving valproate, plasma P-hydroxybutyrate levels fell almost 90% despite 2-to 3-fold increases, not decreases, in the hepatic content of total and free carnitine; levels of acyl carnitine were unchanged (8) . In epileptic children on chronic valproic acid treatment receiving carnitine, the 87% decrease of the P-hydroxybutyrate concentration in plasma remained unaffected by the carnitine supplementation (26) .
Coadministration of a 28-fold greater dose of carnitine than valproate increased the level of free carnitine in the livers of young mice some 7-fold, yet the phenomenal increase had no effect on the reduction of the levels of CoA and acetyl CoA in liver or of P-hydroxybutyrate in plasma produced by valproate. Pantothenate alone did not block the effect of valproate on plasma P-hydroxybutyrate but did raise the liver CoA level. After coadministration of pantothenate and carnitine with valproate, there were significant elevations of free CoA and acetyl CoA levels in live; and P-hydroxybutyrate in plasma as compared with animals treated with valproate alone. [We have previously reported that at subclinical doses of valproate we were able to elevate the depressed plasma P-hydroxybutyrate level by coadministration of an 80-fold greater dose of carnitine (33) .]
The beneficial effect of carnitine in valproate-treated mice in the presence of pantothenate emphasizes the lesser known role of carnitine in the control of CoA synthesis. Pantothenate kinase (ATP: pantothenate 4'-phosphotransferase; EC 2.7.1.33) is the rate-controlling first enzyme in the pathway of CoA synthesis. In kidney, liver, and heart, the enzyme is strongly inhibited by free CoA and all of its acyl esters (34) (35) (36) . Carnitine de-inhibits the CoA-inhibited enzyme (36, 37) . Unlike free carnitine, in heart acetyl carnitine does not de-inhibit the CoA-inhibited enzyme (36) . It has been suggested that changes in the tissue concentration ratio of acetyl carnitine to free carnitine may control CoA synthesis in liver with high levels of acetyl carnitine reducing the activity of pantothenate kinase and high levels of free carnitine stimulating the enzyme (12, 36) . Based on this premise, the extraordinary excretion of acetyl carnitine in the urine of valproate-treated patients (25) could promote CoA synthesis.
It is of interest that in rats (38) and guinea pigs (39) the greatest need of the liver for pantothenic acid and CoA is early in development, with a decreasing requirement with progressive age. If a similar developmental pattern of pantothenate and CoA requirement occurs in man, the data may relate to the peculiar susceptibility of very young children to valproate hepatotoxicity (2) . Findings in the present study support the CoA depletion theory of valproate hepatotoxicity. There is evidence that a similar mechanism may underlie the hepatotoxicity of the unsaturated metabolites of valproic acid. Based on the structural similarity of 2-n-propyl-4-pentenoic acid to the well-known hepatotoxins 4-pentenoic acid and hypoglycin A, it has been proposed that 2-n-propyl-4-pentenoic acid and/or metabolically activated intermediates alkylate and thereby specifically inhibit key enzymes of the fatty acid P-oxidation complex (40) . Both 4-pentenoic acid and toxic metabolitbs of hypoglycin A must first be converted to their respective CoA derivatives to cause inhibition of P-oxidation (4 1, 42). Like valproate, 4-pentenoic acid administration reduced levels of free CoA and carnitine in liver (41-43, suggesting that the deleterious effect of 4-pentenoic acid on fatty acid P-oxidation is to a greater or lesser degree also due to sequestration of CoA and carnitine in relatively inert 4-pentenoyl CoA and carnitine esters. Reversal of the inhibitory effect of 4-pentenoic acid on fatty acid P-oxidation in vitro by the addition of free CoA and/or carnitine supports this hypothesis (43, 45) .
It is well established that carnitine supplementation plays an important role in the management of children with disorders of organic acid metabolism (propionic acidemia, methylmalonic acidemia, glutaric acidemia type 11). In rats injected with propionic acid or methylmalonic acid, there were profound decreases in liver free CoA and acetyl CoA levels and reciprocal increases in the content of medium-chain acyl CoA derivatives (46) . In isolated rat hepatocytes, branched-chain a-ketoacids, aketoisocaproic, a-ketoisovaleric, and a-keto-P-methylvaleric acids, also caused an accumulation of medium-chain acyl CoA derivatives at the expense of free CoA (47) . Because these biochemical changes are similar if not identical to those seen in our valproate-treated mice, the value of coadministration of pantothenate with carnitine in these clinical conditions merits consideration.
